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Summary
I. CAST at CERN: hunting for Dark Matter and Dark Energy

• current status

• 2016-2018 physics program

• KWISP

• the force sensor and its key technologies

• recent developments

II. Beyond: the aKWISP project

• the device

• physics potential
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CAST: axions and more
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CAST at CERN

• 21 institutes, 48 authors, 12 
countries…

•Probing the mysteries 
of the Universe since 
2003 !!!

http://cast.web.cern.ch/CAST/CAST.php
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2001

2016…

http://cast.web.cern.ch/CAST/CAST.php
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The CAST physics program
• CAST has terminated its solar axion search program at the end of 2015

• analysis of the latest vacuum data is now complete, will appear shortly in 
Nature Physics. CAST is still the benchmark reference for axion 
searches

• A new 2016-2018 physics program for CAST has been approved 
by CERN (*) in October 2015

• CAST expands its horizons to Dark Matter and Dark Energy with three 
new research lines

• relic axion searches with CAPP@CAST and RADES

• solar Chameleon searches with InGrid (two-photon coupling)

• solar Chameleon searches with KWISP (direct coupling to matter)
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(*) see G. Cantatore, L. Miceli, K. Zioutas, “Search for solar chameleons and relic axions with CAST”, CERN-SPSC-2015-021
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CAST solar axion program
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Now improved, to 

appear in Nature 
Physics 
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CAPP cavity commissioning at CAST

12

Cavity and instrumentation noise spectra (L. Miceli)CAPP cavity control setup at CAST (L. Miceli)

• CAPP cavity started data taking at CAST in October 2016
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Search for axions in streaming dark matter

• We propose a new search strategy for DM axions (see arXiv:1703.01436v1)

• DM axion streams might undergo periodic gravitational lensing and the local 
density is then temporarily highly enhanced, perhaps up to a factor 106 (trapped 
axion miniclusters may also contribute)

• a wideband (fast-scanning) axion haloscope can be kept online for long periods 
to detect such events

• sacrifice baseline sensitivity for scanning speed

• compensate with the enhanced flux

•CAPP is preparing to implement this strategy at CAST

13
(*) Picture taken from CERN EP Newsletter 17/3/2017, https://ep-news.web.cern.ch/content/search-axions-streaming-dark-matter

(*)

https://arxiv.org/abs/1703.01436v1
https://ep-news.web.cern.ch/content/search-axions-streaming-dark-matter
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Solar Chameleon production

• Chameleons are a type of scalar WISPs have an 
effective mass depending on the local matter density

• This makes them candidate constituents for the Dark 
Energy and allows evading constraints on short range 
interactions fixed by “fifth-force” measurements.

• Chameleons couple

• to two photons (Primakoff effect inside a magnetic 
field)

• directly to matter (no magnetic field needed)

• To estimate the spectrum of the Chameleon flux 
emitted by the sun one can assume that production 
takes place in the solar tachocline region, with a 30 T 
magnetic field inside it, then linearly decreasing 
outside.

• In short:

• Chameleons are produced in the solar magnetic field 
from the conversion of photons (coupling βγ)

• they propagate unhindered to Earth

• under specific conditions Chameleons interact 
directly with matter (coupling β

m
), in particular by 

reflecting off a suitable surface
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However, to be in agreement with GR tests in the solar system, the e↵ects of such
scalar fields must be screened on corresponding length scales. The chameleon-model [1,2]
realizes such a mechanism by rendering an e↵ective mass of the scalar depending on the
local matter density.
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which itself is explicitly dependent on the local mass density ⇢.
It has been shown that chameleons cannot explain the observed accelerated expansion

of the universe as as true MOG e↵ect [3], however, they can act as dark energy. In the
following, we work with an inverse power law potential
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where ⇤ is a mass scale. For n 6= �4, the �-parameter can be absorbed into ⇤. In this
work we are primarily interested in n & 1/2 and n < �2. For �1  n  �2 there is
no chameleon e↵ect, while n between �1 and ⇡ 1/2 are best probed cosmologically. If
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Since the constant term has no e↵ect on the dynamics of the field, we neglect it in the
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with approximations as above and neglecting terms O
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Chameleons would be produced in regions of high photon density and strong magnetic
field, e.g. inside the sun. One can search for solar chameleons on Earth by detecting their
radiation pressure [4]. In the following, we calculate the sensitivity of such an experiment
in three parts:

• chameleon production in the sun

• the chameleons’ journey to the detector

• detecting chameleons on Earth.

Chameleon production in the sun Armed with our chameleon model, we can
study chameleon production in the sun. We build our calculations on the previous works
of Brax et al. [4–6]. Photons mix with chameleons in regions of strong magnetic field, cf.
the case for Axions. The conversion probability for photons of energy ! in a magnetic
field B traveling by a length L is given by [7]:
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Once produced in the tachocline, the chameleons leave the sun unscathed: the interaction
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The	InGrid based	X-ray	detector
2	µm	Mylar	entrance	 window

Single	 8	keV photon

Each	pixel	 represents	 a
single	 primary	 electron

Timepix ASIC	combined	 with	
integrated	 Micromegas stage	 (InGrid)

One	mesh	hole	per	pixel!

Detection	 of	photons	down	to	
277	eV	(Carbon	Kα line)	possible

InGrid based	X-ray	detector
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The KWISP principle

18

The Sun emits a stream of 
Primakoff-produced Chameleons

An ultra-thin taut membrane flexes 
as a sail under the Chameleon wind

High-sensitivity optical techniques 
detect tiny membrane displacements 
due to the Chameleon wind force

Curious? See January-February 2016 CERN Courier http://cerncourier.com/cws/article/cern/63705

http://cerncourier.com/cws/article/cern/63705
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Flash introduction to the KWISP force sensor
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KWISP @ CAST

• The opto-mechanical sensor 
technology is already in use at CERN

• The CAST experiment is equipped 
with the KWISP detector looking for 
the direct coupling to matter of solar 
Chameleons
(see G. Cantatore, M. Karuza and K. Zioutas, 
Cern Courier, January-February 2016 )

20

5x5 mm2 Si3N4 membrane

Cartoonist’s view of the KWISP working principle
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Membrane holder

Mirror

Mirror

KWISP Fabry-Perot cavity 

1064 nm sensing beam
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Direct force calibration of the KWISP sensor

22

This procedure is fully equivalent to calibrating a particle detector with a radioactive source

Equivalent force on membrane: 7.9·10-14 N

T = 300 K

• A known radiation pressure from a “pump” beam at 532 nm 
(membrane reflects 25%) is amplitude modulated at the 
membrane mechanical resonance frequency (82.5 kHz in 
this case)

• The amplitude of the membrane displacement in response 
to the force is amplified by a factor Q (3000, up to 105)

• Room temperature sensitivity at resonance: 
1.7·10-17 N/√Hz

• measurements carried out in the Trieste INFN 
lab (see M. Karuza, G. Cantatore, A. Gardikiotis, D.H.H. 
Hoffmann, Y.K. Semertzidis, K. Zioutas, Physics of the Dark 
Universe, 12 (2016) 100-104)
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KWISP at CAST

23

X-ray telescope KWISP chamber

Chameleon 
chopper
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KWISP on the CAST sunrise side

24

KWISP vacuum 
chamber

XRT
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The Chameleon chopper
• Why does one need a chopper?

• the sensor detects relative displacements, thus a static displacement is not seen

• a time dependence must then be introduced in the membrane excitation

• Modulating the amplitude of something you cannot even see… the Chamelon chopper!

• rests on the principle of grazing-angle reflection of Chameleons (see http://arxiv.org/abs/1201.0079)

•key element: no detection is possible without 

25

http://arxiv.org/abs/1201.0079
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Log of KWISP solar tracking runs

•First runs ever with force sensor looking for 
solar chameleons

• April 2016

• pioneering sun-tracking with  KWISP 1.0 (michelson interferometry)

• DAQ acquires interferometer signal and chopper trigger signal

• December 2017

• sun-tracking with KWISP 1.5 (interferometry with homodyne 
detection)

• a calibration signal is briefly injected at the beginning of each time 
record to obtain on-line calibration

• data are taken continuously both during and off-tracking

• February 2017

• sun-tracking with KWISP 1.5 (interferometry with homodyne 
detection, upgraded DAQ and electronics)

26
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KWISP coverage of chameleon potential parameters

27

Experimental bounds from KWISP sun-tracking data of Feb. 2017 in the Λ-M = βm-1 plane
(plot taken from https://arxiv.org/abs/1612.05171)

•1.5 sensor: single-pass 
membrane 
interferometer with 
homodyne 
detection

•Sensitivity 10
-12

 N/√Hz

•Measuring time 35580 s

Prel
iminar

y

https://arxiv.org/abs/1612.05171
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KWISP 2.0 sensor
• 1064 nm laser, Fabry-Perot 

cavity with F~104

• PDH frequency-lock with 
cavity control

• monolithic optical bench

• expected thermally limited 
sensitivity (10

-15
 N/√Hz at 

300 K)

• Status

• interferometer locked with 
and without membrane

• perfomance degraded by laser 
not meeting specs

• laser sent back to company 
for checking

28
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KWISP monolithic optical bench

29



G. Cantatore - LNF 28/3/2017

KWISP F-P cavity with membrane

30
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KWISP cavity lock

31

TEM00 mode, no membrane Mode mixture with membrane (TEM00 + h.o.m.)
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KWISP sensitivity evolution

32

Data 
Acq.
Run

Displ. 
sensitivity 
[m/√Hz]

Force 
sensitivity 
[N/√Hz]

Step
impr. 
factor

Thermal 
limit
[N/√Hz]

Factor 
above 
thermal 

KWISP 
version Upgrade

Apr-16 6.00E-09 9.60E-08 1 2.50E-15 3.84E+07 1.0 Initial version

Dec-16 1.00E-11 1.60E-10 600 2.50E-15 6.40E+04 1.5
Homodyne 
detection

Feb-17 1.20E-13 1.92E-12 83 2.50E-15 7.68E+02 1.5 Updated DAQ

Jun-17 2.50E-15 768 2.50E-15 1.00E+00 2.0 F-P - finesse ~5E+4
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Beyond: aKWISP

33
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Idea and motivations
• Short distance interactions (SDI) give access to

• extra dimensions

• chameleons

• scalar Dark Matter

• dilatons

•axions

• …

Basic experimental technique in SDI:

- two masses: “source” mass and“sensing” mass 

- excite the “source” ⇒ “sensing” mass gives signal f(separation distance) 

•We present aKWISP, a device able to investigate SDI at O(100 nm) or less 
separation distances

• start from a membrane-based opto-mechanical force sensor

• KWISP: used at CAST to search for solar Chameleons via their “radiation pressure”

• extreme sensitivity comes from the combined quality factors of two resonators 

• go one step further for advanced-KWISP (aKWISP)
• two membranes in close proximity

• excite one with a pump laser, monitor the other with a sensing laser

34



G. Cantatore - LNF 28/3/2017

aKWISP in a nutshell

35

• Build on the KWISP force sensor core 
apparatus

• membrane-based optomechanical force sensor

• sensitivity enhanced by the combined 
quality factors of two resonators:  
mechanical (membrane) and optical (FP)

• sensitive to extremely tiny forces and sub-nuclear 
size displacements

• Introduce the double-membrane device 
concept

• two membranes separated by O(100 nm)-size 
micropillars acting as sensing and source 
masses

• different Q’s and resonant frequencies

• Implement advanced technologies to 
achieve the ultimate sensitivity

• homodyne detection

• membrane optimisation

• cryogenic cooling

• Study Short Range Interactions

membrane resonance

Fabry-Perot

O(100 nm)
micropillars

sensing laser

pump laser

DMIM - Double Membrane Interaction Monitor

Univ. and INFN Trieste, Univ. of Camerino and INFN Perugia
Univ. of Freiburg, TU Darmstadt, CAPP-IBS  (Korea), CERN , Univ. of Patras
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aKWISP principle schematic

36

G. Cantatore 2016
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Key aKWISP technologies

• DMIM (Double Membrane Interaction Monitor) 

• Fabry-Perot resonator

• pump beam calibration

• homodyne detection

• cryogenic cooling

• membrane coating and customisation
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A scenario for aKWISP
• The ATLAS experiment at LHC was able recently to explore the 

compactification of extra dimensions at  short distance scales stopping at 11 
μm (arXiv:1604.07773 and CERN thesis at https://cds.cern.ch/record/2194414?ln=en)

• Other experiments probe Yukawa-type forces down to 10 μm ⇒ 1 μm (see for 

example A. Geraci et al., PRD, D78(2), 022002 (2008))

• aKWISP could probe distance scales of  O(100 nm) or less reaching atto-N or 
even  zepto-N  sensitivities ⇒ unexplored regions in the parameter space of  

Yukawa-type interactions with access to chameleons, dilatons, scalar DM, …

• Recent suggestions:

- Y. Semertzidis: introduce a mass gradient to activate axion-
mediated short range interactions

- F. Wilczek: go down to 10 nm separation and investigate the 
Casimir effect
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Sensing axion-mediated forces

39

no mass gradient ⇒nucleon coupling
mass gradient ⇒ spin coupling
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aKWISP physics reach for Yukawa-type interactions

40

Projected aKWISP detection @ 3 mK with 105 s integration time = 10-20 N
- black curve: 1 micron separation distance
- blue curve: 100 nm separation distance

Exclusion plot taken from;
 A. Geraci et al., Physical Review 
Letters, 105(10), 101101 (2010)

produce spurious forces on the sphere. By translating the
position of the optical trap along the surface, these and
other backgrounds, e.g., vibration, can be distinguished
from a Yukawa-type signal, as any Yukawa-type signal
should exhibit a spatial periodicity associated with the
alternating density pattern, similar to the system discussed
in Ref. [23].

Increasing the radius of the sphere can significantly
enhance the search for non-Newtonian effects at longer
range. Curve (b) in Fig. 3 shows the estimated search reach
that would be obtained by scaling the sphere size by a
factor of 10 and positioning it at edge-to-edge separation of
3:8 !m from a source mass with thickness t ¼ 10 !m
consisting of sections of width 10 !m driven at an ampli-
tude of 13 !m. Such a larger sphere could be trapped in an
optical lattice potential with the incident beams at a shal-
low angle, instead of in an optical cavity, to enable sub-
wavelength confinement. In this case cooling could be
performed by use of active feedback. Alternatively it
may be possible to trap the larger 1:5 !m sphere in a
cavity by use of longer wavelength light (e.g., "trap ¼
10:6 !m) by choosing a sphere material such as ZnSe
with lower optical loss at this wavelength.

The experiment we have proposed may allow improve-
ment by several orders of magnitude in the search for non-
Newtonian gravity below the 10 !m length scale. An
experimental challenge will be to capture and cool indi-
vidual microspheres and precisely control their position
near a surface. Previous experimental work has been suc-
cessful at optically trapping 1:5 !m radius spheres [4], and
similar techniques may work for the setup proposed here.
Extrapolating the results of Ref. [7] at 10"6 Torr for the

system we consider would yield a pressure-limited Q#
109. In the absence of additional damping mechanisms, we
expect that Q $ 1012 could be achieved at lower pressure.
Further improvements in force sensitivity may be possible
in a cryogenic environment.
We thank John Bollinger and Jeff Sherman for a careful

reading of this manuscript. A. G. and S. P. acknowledge
support from the NRC.
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FIG. 3 (color online). Experimental constraints [23–29] and
theoretical predictions [30] for short-range forces due to an
interaction potential of Yukawa form V ¼ " GNm1m2
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½1þ #e"r="(. Lines (a) and (b) denote the projected improved
search reach for microspheres of radius a ¼ 150 nm and a ¼
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Conclusions
• CAST completed its solar axion program again setting the 

reference over a wide axion mass range

• CAST has launched a new physics program centered on 
Dark Matter (relic axions with CAPP) and Dark Energy 
(chameleons with InGrid and KWISP)

• Building on our expertise on membrane force sensors, we 
present aKWISP: a novel device to investigate short range 
interactions at separation distances O(100 nm) or less

• aKWISP has the potential to venture deeply into 
uncharted territory searching for axions and other exotics
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We have great 
ideas !! … mo’ ce tocca 

lavorà!

Thank you!


